These results demonstrate a fundamental role for CM-SMAD4-dependent TGF-b signaling in adult heart homeostasis.
and nuclear factor kB (7) (8) (9) (10) (11) (12) (13) . Collectively, these are referred to as noncanonical or SMAD-independent pathways. The extent of interactions among these canonical and noncanonical signaling molecules varies considerably depending on the context, but are essential to deliver spatially and temporally specific TGF-b signaling outputs (14) .
TGF-bs are often chronically overexpressed in diseased hearts and are instrumental in eliciting multiple, even opposing cellular responses (15) (16) (17) (18) (19) (20) . In the present study, we examined the role of CM canonical TGF-b signaling in maintaining adult heart homeostasis. As SMAD4 is a central intracellular mediator of canonical TGF-b signaling, we examined the effects of CM-specific SMAD4 deletion on cardiac function. A previous study has shown that CM-specific SMAD4 deletion results in developmental cardiac defects and embryonic lethality (25) . Hence, Umbarkar et al.
Canonical TGF-b Signaling in Cardiac Homeostasis F E B R U A R Y 2 0 1 9 : 4 1 -5 3 we designed a model in which SMAD4 is conditionally deleted in adult mouse CMs using tamoxifen (TAM)-inducible alpha-myosin heavy chain promoter-driven Cre recombinase. We report that CM-specific knockdown of SMAD4 significantly alters the cardiac contractile function at cellular as well as organ level.
Moreover CM-specific SMAD4 deficiency is associated with a reduction in gene expression of several ion channels and cardiac conduction abnormalities.
These findings provide the first evidence that endogenous CM canonical TGF-b signaling is essential for maintaining adult heart homeostasis.
METHODS
A detailed description of the Methods is provided in the Supplemental Appendix.
MICE. To achieve conditional deletion of SMAD4 specifically in CM, SMAD4 Umbarkar et al. other abbreviations as in Figure 1 .
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The Jackson Laboratory) to generate Myh6-Cre þ/-. A well-established TAM chow diet protocol was used to induce the CM-specific expression of Cre recombinase, as we previously reported (26, 27) . Briefly, at 10 weeks of age, when physiological development is largely complete, all male mice were placed on a TAM chow diet (400 mg/kg, TD.130859, Harlan SpragueDawley, Indianapolis, Indiana) for 2 weeks followed 
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Umbarkar et al. There were no differences in mortality between CTL and SMAD4 KO mice up to the termination of the study (i.e., 8 weeks after TAM treatment). Western blot analysis of LV tissue lysates confirmed that TAM treatment led to a w60% reduction in SMAD4 protein levels in KO ( Figure 1B) . To confirm CM-specific SMAD4 deletion, Western blotting was performed with protein extracted from isolated CMs and nonmyocytes. SMAD4 protein levels were significantly low (w90% deletion) in CMs, as expected, nonmyocytes displayed no change ( Figures 1C and 1D ). At the end of each time point, heart weight to tibia length and lung weight to tibia length ratios were compared. These parameters were comparable between the SMAD4 KO and CTL groups at both time points ( Figures 3A, 3B , 4A, and 4B). For the assessment of cardiac hypertrophy, CM cross-sectional area (CSA) was measured. We found no significant difference in CSA between the SMAD4 KO and CTL groups at 4 weeks after TAM treatment ( Figure 4C) . However, at 8
weeks, CSA was significantly higher in SMAD4 KO Umbarkar et al. Umbarkar et al.
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reduction in its inhibitory effect on SERCA2a pump activity ( Figures 6D and 6E ).
The observed increase in CM contraction kinetics suggested that there might be alterations in myofilament calcium sensitivity and cross-bridge cycling rates. As cardiac myosin-binding protein C (cMyBP-C) is known to regulate these processes, we examined levels of these proteins by Western blotting. Indeed, cMyBP-C was significantly down-regulated in the SMAD4 KO hearts at 4 weeks after TAM treatment ( Figure 6F ). These results support our observation of improved CM contractility in SMAD4 KO mice. Based on this finding, we identified the ion-channel genes that were significantly down-regulated (Clcn1, Kcnd2, Kcna2, Cacng6, Kcne1, Scn4b, Kcnv2). We Indeed, slower heart rates were evident in SMAD4 KO than littermate CTL animals ( Figure 8A ). Furthermore, SMAD4 KO mice displayed prolongation of QRS, QT, and QTc intervals ( Figures 8B to 8E ).
DISCUSSION
Herein we examined the contribution of CM canonical TGF-b signaling to the heart function. We Several mouse models bearing such mutations showed haploinsufficiency and reduction in cMyBP-C levels (35) (36) (37) (38) . These models had increased myofilament calcium sensitivity and faster cross-bridge cycling rate, and developed a hypercontractile phenotype. Additionally, pathological features such as fibrosis, hypertrophy, and arrhythmogenesis were seen in these models. Thus, considering the phenotypic similarities in MYBPC3 mutants and SMAD4 KO mice, we speculate that reduction in cMyBP-C protein in SMAD4 KO heart may, at least in part, be responsible for development of cardiac abnormalities in these animals.
The disagreement between contractile function assessed in isolated myocytes and intact hearts of Umbarkar et al.
